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(Dated: October 14, 2018)
We present the fabrication details of completely undoped electron-hole bilayer devices in a
GaAs/AlGaAs double quantum well heterostructure with a 30 nm barrier. These devices have
independently tunable densities of the two-dimensional electron gas and two-dimensional hole gas.
We report four-terminal transport measurements of the independently contacted electron and hole
layers with balanced densities from 1.2 × 1011 cm−2 down to 4 × 1010 cm−2 at T = 300mK. The
mobilities can exceed 1× 106 cm2 V−1 s−1 for electrons and 4× 105 cm2 V−1 s−1 for holes.
PACS numbers: 81.05.Ea, 73.63.Hs, 72.20.Fr
We present the details of fabrication and transport
of electron-hole bilayers in completely undoped double
quantum wells. This work is motivated by the intense
interest in exciton condensation effects that are predicted
to occur in electron-hole bilayer systems. Exciton con-
densation is theorized to occur at low carrier densities
and close proximity of the two-dimensional electron gas
(2DEG) to the two-dimensional hole gas (2DHG). Sivan
et al.[1] created an electron-hole bilayer device with the
capability to measure Coulomb drag between the layers.
However, at low temperature and low density their abil-
ity to probe the exciton condensate was limited. Since
then several research groups have studied electron-hole
bilayers using doped heterostructures.[2, 3, 4, 5, 6, 7,
8, 9, 10, 11, 12] Single layer undoped heterostructures
commonly referred to as heterostructure insulated-gate
field-effect transistors (HIGFETs) have been investigated
previously.[13, 14, 15] In these studies particular interest
was paid to the ultra-low density capability afforded by
HIGFETs, and the ability to directly control the density
and polarity of the carriers. In an effort to utilize these
unique abilities of HIGFETs for the studies of exciton
condensation we developed a fully undoped electron-hole
bilayer (uEHBL) device.
Significant progress has been made in the areas of
two-dimensional bilayer systems with regard to electron-
electron or hole-hole bilayers. Transport exciton conden-
sate experiments at a zero magnetic field in electron-hole
bilayers have proved to be extremely difficult. Some of
the previously explored methods failed to make indepen-
dent contact to the electron and hole layers (including
photoluminescence studies) or required a large barrier
thickness.[12] Most of the previous studies were limited
by an inability to adjust the densities in the two lay-
ers sufficient to match up the density of the 2DEG (n)
to the density of the 2DHG (p). This was typically ei-
ther due to the use of a doped heterostructure[3, 4] or a
design which lacked a back gate.[5, 6, 16] The uEHBL ar-
chitecture allows for independent contacts to each layer,
high mobility, and tunable low densities for the 2DEG
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FIG. 1: (a) Cut-away schematic of the device structure. (b)
Band diagram schematic with VTG, VIL, and VBG sufficient
to form the 2DEG and 2DHG.
and 2DHG. Therefore the advantage of uEHBLs is that
exciton condensation is potentially achievable with this
architecture.
In this letter, we describe the fabrication, operation,
and limitations of uEHBLs. We demonstrate the high
transport mobility in these samples over a wide range of
electron and hole densities. Then we examine the mag-
netoresistance of the 2DEG and 2DHG, and discuss the
screening effects that occur. Finally, we show that n and
p can be balanced over a wide range and, more specifi-
cally, at the lowest matched densities to date.
The fabrication of a uEHBL device begins with a
molecular beam epitaxy (MBE) grown GaAs/AlGaAs
undoped double quantum well (wafer EA1286). As is
seen in Fig. 1(a), from the surface there is a 60 nm n+
GaAs cap layer, a 200 nm Al0.3Ga0.7As layer, an upper 18
nm GaAs quantum well, a 30 nm Al0.9Ga0.1As barrier, a
lower 18 nm GaAs quantum well, a 125 nm Al0.3Ga0.7As
layer, a superlattice, and finally an Al0.55Ga0.45As stop-
etch layer. The only intentional dopants are in the n+
GaAs cap layer and they do not populate the upper quan-
tum well. A modified self-aligned contact (SAC), orig-
inally pioneered by Kane et al.,[7, 19] is used for the
n-type contacts. This design was extended upon by pro-
cessing both sides of the device using the Epoxy-Bond-
2And-Stop-Etch (EBASE)[18] thinning technique. The
backside processing is used to create the back gate for
the overlap p-type contacts. The combination of these
techniques result in devices that have independent con-
tacts to the 2DEG and 2DHG, and tunable n and p.
Processing of an uEHBL is as follows. The cleaved
sample is etched in phosphoric acid to create a Hall-bar
with ten contact arms (five n-type, five p-type). Only
in the central region of the Hall-bar will the 2DEG and
2DHG be directly above one another. Using phosphoric
acid the n+ GaAs top gate is also etched off the regions
that will become p-type contacts to prevent shorting. A
shallow n-type ohmic contact (so as to not short the top
gate to the 2DEG) of PdGeAu is evaporated onto one end
of the Hall-bar to contact the n+ GaAs top gate. BeAu
is evaporated onto the ends of half the Hall-bar arms to
create the p-type ohmic contacts. The device is annealed
in a rapid thermal annealer at 475 C for the p-type con-
tacts. The n-type ohmic contacts are SACs of NiGeAu
which are placed on the remaining Hall-bar arms. The
device is annealed again, at 420 C for the n-type ohmics
to contact the 2DEG. Once topside processing of the de-
vice is finished, the sample is put through the EBASE
process.[18] The topside of the device is epoxied to a host
GaAs substrate. Then the original substrate is thinned to
the stop-etch layer. The stop-etch layer is removed with
hydrofluoric acid. A SiN film is deposited to reduce the
bottom gate leakage current. Vias are etched through to
contact all of the topside processing. The uEHBL device
is finished with a bottom gate of TiAu down the length of
the Hall-bar and out five arms to make overlap contacts
with the p-type metal.
Unlike traditional doped heterostructures in which the
carriers are inherently present, uEHBLs require unique
operation. Only under specific bias conditions are
the 2DEG and 2DHG simultaneously occupied. The
most important component of an uEHBL is the core
HIGFET.[13, 17] In HIGFETs, ohmic contacts are self-
aligned to the top gate. The carriers are drawn into
the 2D layer by applying a voltage between the top
gate (VTG) and the SACs. There is a voltage threshold
(Vth) that must be reached to create the 2D layer. Once
present the density of the carriers is linearly proportional
to | VTG− Vth |.
Operation of uEHBLs is more complicated than
HIGFETs. The upper quantum well, the top gate,
and the n-type ohmic contacts operate the same as in
HIGFETs. The n-type ohmics form SAC with the top
gate [see Fig. 1(a)]. It can be operated in a single layer
mode where the top gate is positively biased with respect
to the SAC. As in the case of HIGFETs, when VTG =
Vnth, then the 2DEG forms. The top gate extends over
the n-type contact [Fig. 1(a)]. This increases the electric
field on the n-type contact, thus enabling the electrons to
be pulled from the SAC into the upper quantum well to
establish the 2DEG. The resulting n is linearly propor-
tional to VTG− V
n
th. For the 2DEG to remain established
it is sufficient for a net positive bias between VTG and the
voltage on the n-type ohmics equal or larger than Vnth.
This voltage on the n-type ohmics is ground in single
layer operations and is referred to as an interlayer bias
(VIL) when the bilayers is established. The role of VIL
is visible in Fig. 1(b); it effectively separates the Fermi
energy (EF ) between the conduction band (CB) in the
upper quantum well and the valance band (VB) in the
lower quantum well.
To form the 2DHG, the bottom gate sits on the oppo-
site side of the substrate with an insulating layer between
it and the p-type contact. We refer to this as an over-
lap contact, because the bottom gate overlaps the p-type
ohmic contact. It enables the electric field to be such that
the holes are pulled from the p-type contact into the lower
quantum well to establish the 2DHG. If the 2DHG is to
be established without the 2DEG, then it is sufficient for
the bottom gate voltage (VBG) to be ramped negative
until the holes from the p-type contacts create a 2DHG.
The density, p, is linearly proportional to VBG− V
p
th. To
operate the uEHBL device with both the 2DEG and the
2DHG established it is necessary to compensate for the
energy difference, (the bandgap and quantum well off-
sets) between the upper quantum well conduction band
and the lower quantum well valence band. To do this
VIL ∼ − 1.5V is applied to the n-type contacts [see
Fig. 1(b)]. Unlike the HIGFET, n and p are functions
of all three voltages in the device. This gives an overde-
fined system and therefore we can match the densities at
slightly different values of VIL.
The uEHBL devices have limitations set by the ranges
of VTG, VIL, and VBG. As expected VIL is roughly
the size of the band gap in GaAs of 1.5 V. An interlayer
capacitance measurement shows that overlap first occurs
when VIL ≃ −1.37 V. And by -1.5 V current begins to
flow between the layers. The smallest values of n and
p are determined by the uniformity of Vnth and V
p
th for
the contacts. The largest value of n depends upon the
current leaking between the SAC and top gate. And the
largest achievable p is dependant upon the VBG when
the back gate begins to leak. These factors vary from
sample to sample, making them difficult to control.
The transport data that follows is from two uEHBL
devices, A and B. In device A low density was achieved
in both the 2DEG and 2DHG, but the 2DEG only has
the Hall resistance capability. In device B all of the n-
type and p-type contacts were functional; however, it is
limited by larger than typical Vnth values (n ≥ 3 × 10
11
cm−2).
The measurements were all taken at T = 300 mK, us-
ing a standard low frequency AC lock-in technique. In
Fig. 2 we present the density versus mobility for the
2DEG of device A and 2DHG of device B. The mobili-
ties of the 2DEG and 2DHG may exceed 1×106 cm2 V−1
s−1 and 4 × 105 cm2 V−1 s−1, respectively. The n were
calculated from the Hall slope, while p was determined
from the Shubnikov de Haas oscillations. As expected
with ultra-clean 2DEGs and 2DHGs the mobilities in-
crease with densities.
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FIG. 2: (Color online) Mobility vs. density, n (black squares)
for device A and p (red circles) for device B
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FIG. 3: (Color online) (a) Four-terminal longitudinal resis-
tance of the 2DHG (larger, red), and the 2DEG (smaller,
black) of device B. (b) Matched density Hall resistance traces
for the 2DEG (solid) and 2DHG (dashed) of sample A.
Magnetoresistance data is presented in Fig. 3. Fig.
3(a) is the four-terminal longitudinal magnetoresistance
with a perpendicular applied magnetic field from de-
vice B with VTG = +0.07 V, VIL = −1.43 V, and
VBG = −2.0 V. The oscillations are more clearly defined
for the 2DEG due to the higher density and mobility.
Clearly a 2DEG and 2DHG were simultaneously estab-
lished in this device. When the 2DEG is in a strong
quantum Hall state there is a spike in the 2DHG magne-
toresistance [see the arrows in Fig 3(a)]. Since quantum
Hall states are incompressible, the effective screening of
the top gate by the 2DEG at that magnetic field changes.
This in turn changes p evident by the spike in the lon-
gitudinal magnetoresistance. In Fig. 3(b) the Hall mag-
netoresistance traces of device A at VIL = −1.44 V in
2×1010 cm−2 increments are presented. By varying VTG
from -0.983 V to -0.733 V and VBG from -1.517 V to -
2.02 V the n and p are matched from 4 × 1010 cm−2
to 1.2 × 1011 cm−2, respectively. The opposite slopes of
the Hall traces dramatically demonstrate the presence of
electrons and holes.
We report that no evidence for exciton condensa-
tion was observed in these uEHBL devices down to the
matched n and p of 4× 1010 cm−2 with a 30 nm barrier.
At this density the intra-layer spacing is about 50 nm,
and the interlayer spacing is 48 nm. We are presently
fabricating similar devices with narrower barriers.
In conclusion, the uEHBL architecture is ideal for
experiments requiring low density, high mobility with
layer spacing comparable to average carrier separation.
The operation and fabrication of uEHBLs was described.
High transport mobility over a wide range of n and p
was presented. Capacitance measurements verified the
overlap of the 2DEG and 2DHG. Screening effects as
the 2DEG goes through an incompressible quantum Hall
state were shown. Balanced densities as low as 4 × 1010
cm−2 were achieved. While exciton condensation has not
yet been observed in these uEHBL devices, continued de-
velopment holds promise.
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